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Abstract: Hydroxyapatite (Cay9(PO4)s(OH),, HAp) doped with various transition metals has gener-
ated great interest in view of its potential application in a wide variety of fields, including in catalysis
as a support with a series of attractive properties. Despite a large number of experimental works
devoted to the synthesis and application of iron-substituted hydroxyapatites, problems concerning
the location, introduced defects, and charge compensation schemes for Fe?* and/or Fe3* cations in
the crystal structure of HAp remain unclear. This paper is devoted to the comprehensive analysis of
iron (II) and (III) introduction into the HAp lattice by density functional theory (DFT) calculations. We
show that the inclusion of FeZ* in the Ca(1) and Ca(2) positions of HAp is energetically comparable.
For the Fe3*, there is a clear preference to be included in the Ca(2) position. The inclusion of iron
results in cell contraction, which is more pronounced in the case of Fe?*. In addition, Fe3* may form
a shorter linkage to oxygen atoms. The incorporation of both Fe?* and Fe3* leads to notable local
reorganization in the HAp cell.
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1. Introduction

Transition metal catalysts are of particular interest in a wide variety of fields. They are
used in pharmaceuticals, in the production of natural products, chemistry, the hydrogena-
tion of aromatic hydrocarbons, etc. An essential property of such catalysts is environmental
friendliness and the possibility of repeated use. Metals such as rhodium, palladium, ruthe-
nium, copper, and nickel are most commonly used as transition catalyst metals. Recently,
iron has been added to this list [1-3]. The development of new catalytic systems with iron
that meet environmental friendliness, efficiency, and reuse is a modern trend.

Iron compounds are widely used in catalysis in a heterogeneous and homogeneous
form. For example, in alkylation reactions, iron compounds are highly active and can be
superior in efficiency to catalysts based on other metals. The radical cation mechanism of
benzylation with the intermediate formation of Fe?* has been proposed for iron chloride
supported on aluminum oxide [4]. The critical role of the simultaneous presence and ratio
of Fe®* /Fe?* ions in ensuring the activity of iron-containing alkylation catalysts is shown
in ref. [5]. Catalysts based on y-Fe;O3; nanoparticles supported on silicas have proven to
be effective catalysts for many chlorolefin conversions, including isomerization of allyl
chloro-olefins and alkylation of benzene with allyl chloride and benzyl chloride [6].

Iron oxides are widely used as catalysts in Fischer—Tropsch reactions, dehydrogenation,
alkylation and other processes. They are also active in catalytic reactions with the participa-
tion of halogenated hydrocarbons, in which the catalytic properties of bulk and nanosized
iron oxides differ significantly [7,8]. Iron-containing oxide catalysts are highly effective in
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hydrogenation reactions of highly condensed organic matter [9] and aquathermolysis of
heavy oil [10,11].

Hydroxyapatite (Ca1o(PO4)s(OH),, HAp) is an attractive material for use in various
fields, including catalysis applications [1-3,12-15]. Hydroxyapatite is a material well-
known for cationic and anionic substitutions [16,17]. In the crystalline cell, calcium ions
adopt two types of positions with different coordination. In the Ca(1) position, six oxygen
atoms belonging to four orthophosphates are coordinated with one calcium ion (Figure 1).
It forms CaOg prism geometry, a polyhedron intermediate between an octahedron and
a trigonal prism. In position Ca(2), calcium ion has seven oxygen atoms in the first
coordination shell; six of them are from four orthophosphate groups and one from a
hydroxyl. It forms a CaO; distorted pentagonal bipyramid.

Figure 1. Hydroxyapatite unit cell. Color coding: phosphorus—orange, oxygen—red, hydrogen—
light grey, Ca(1)—purple, Ca(2)—Dblue.

The adsorption capacity, high ion exchange capacity, lack of structural porosity, and
low surface acidity are important properties of HAp when used as a catalyst [18,19]. The
transition from micro-sized particles to nano-sized ones makes it possible to increase
the external surface area and the number of catalytically active centers, and reduce the
restrictions on mass transfer, thereby augmenting the catalytic activity [1]. Additionally,
the cooperative catalytic effect between the active metal species of the HAp structure and
the exchanges species, which are integrated into the HAp structure and immobilized on the
surface, was noticed and explained in ref. [20], thereby making exchanged HAp efficient
catalytic systems. Accordingly, the synthesis and study of HAp-based catalytic systems
with iron impurities have attracted great interest in recent years [21-26].

As reviewed by Goldberg et al. [27,28], Fe-HAp and Fe oxide nanoparticles demon-
strated high efficiency as a catalyst in the field of heavy oil purification via oxidative
desulfurization and aquathermolysis methods, oil asphaltene extraction, etc. Besides cat-
alytic applications, Fe-HAp nanoparticles are promising for cancer monitoring [29], as well
as magnetic resonance imaging [30], targeted delivery of drugs, and for the treatment of
cancer by a hyperthermic method [31].

It is a fact that the replacement of calcium with iron ions in the crystal structure affects
its physicochemical properties [32]. The introduction of Fe** improves bactericidal and
mineralizing properties of nanosized HAp [33]. Iron has a positive impact on osteoblast-
like behavior [34]. The effect of iron ions on structural changes in HAp is reported by
Morrissey et al. [35]. The effect of heat treatment and the concentration of iron oxide on the
microhardness of HAp was described in the work of Filho et al. [36]. The paramagnetic
properties of HAp appear upon the addition of Fe** ions, and with an increase in the
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concentration of iron ions, the magnetic susceptibility increases [37]. Goldberg et al. [27,28]
demonstrated that Fe?* introduction leads to an increase in surface area of nanohydrox-
yapatite particles, improving their catalytic properties for desulfurization of the model
heavy oil.

Despite the large number of experimental works devoted to the synthesis and applica-
tion of iron-substituted hydroxyapatites, the aspects of location-introduced defects and
charge compensation schemes for Fe?*-Fe3* cations in the crystal structure of HAp remain
unclear. This paper is devoted to comprehensively analyzing iron (II) and (III) introduction
into the HAp lattice by DFT calculations.

2. Methods

Density Functional Theory with the plane-wave basis and Vanderbilt ultrasoft pseu-
dopotentials [38] were carried out using the Quantum ESPRESSO program [39]. The
Perdew—Burke-Ernzerhof version of the generalized gradient approximation of the exchange-
correlation functional (GGA-PBE) [38] was used. The use of PBE functional revealed the
good agreement of the theoretical cell parameters with the experiment [40]. The kinetic
energy cutoffs of 45 Ry for the smooth part of the electron wave functions and of 300 Ry for
the augmented electron density were set up (in agreement with previously denoted [41]).

The unit cell parameters and initial geometry for HAp were taken from [42,43]. The
present results have been calculated for a1 x 1 x 1 monoclinic supercell, space group
P2; /m with 88 atoms in the cell, which was previously proven to be sufficient to reproduce
spectra of doped HAp crystals [43]. Simulation of HAp within the P63/m space group
(44 atoms per unit cell) leads to unphysical duplication of each OH group by the m-mirror.
The crystal structure with antiparallel hydroxyl groups (to compensate the electric polar-
ization) in a double unit cell compared to the original hexagonal structure is monoclinic
with the P2; /m space group [42,43]. The difference in the notations of principal axes for
the hexagonal and monoclinic modifications should not lead to confusion.

Optimization of the geometry was performed in two steps: 1. the atomic positions
were relaxed, keeping the cell parameter fixed, and 2. both the coordinates and cell dimen-
sions were fully relaxed. The convergence condition on forces was 10~3 Ry /Bohr. The Bril-
louin Zone integration was performed on a Monkhorst-Pack 2 x 2 x 1 k-point mesh [44].

3. Results

Due to the difference in the degree of ionization, ferrous cation (Fe?*) and ferric cation
(Fe3*) demonstrate a distinguished influence on hydroxyapatite cell parameters and local
ion reorganization upon inclusion. Fe?" has six electrons in 3d orbital, but Fe3* has only
five. Such a variation results in their different capacity to interact with their surrounding
and to be of different ionic radius. The latter is about 70 pm for the ferrous cation and about
60 pm for the ferric cation. The inclusion of one cation of each iron type into the monoclinic
HAp supercell of 88 atoms in Ca(1) or Ca(2) position has been calculated. Overall, four
types of positions can be occupied.

The introduction of cations in hydroxyapatite may occur at both the Ca(1) and Ca(2)
position. Therefore, the inclusion of FeZ*, which leads to the CagsFe?*(5(PO4)s(OH),
formula, may potentially occur at each of the two positions and does not require any
additional charge compensation. In contrast, the substitution of Ca** by Fe®*, leading
to the Cag 5Fe>* 5(PO4)sO2H 5 formula, is accompanied by element perturbation, which
can be a vacancy formation in the H* position or in the Ca?" position (provided that
two trivalent cations are included). The release of one Ca* on every two calcium ions
substituted by the trivalent cations leads to a major local perturbation, as was shown for
AIP* doping [39]. Therefore, to diminish the influence of the charge compensation scheme
on the cell contraction, the release of H* from OH" was considered to bring the overall
charge of the system to zero. The OH" are located within the anion channel, surrounded by
calcium ions, and do not largely influence the overall packing and the density of the cell. A
similar scheme of charge compensation has been previously considered in Refs [27,28,45].
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The inclusion of Fe?* into the HAp cell in the Ca(1) position results in the decrease in
cell volume from 1073.7 A2 in pure HAp down to 1060.7 A% in the iron substituted one. The
significant contraction, by 0.7%, occurs along the a and ¢ axes. Upon the inclusion of Fe*
in the Ca(2) position, the cell contraction is less pronounced, and the cell volume reaches
the value of 1067.1 A3. These two types of substitution in terms of energy gain are pretty
similar, and the difference is 0.2 eV in slight favor of iron inclusion in the Ca(2) position.

The inclusion of Fe* in the HAp cell gives more pronounced contraction of the cell
than the Fe?" inclusion, namely 1060.2 A3 and 1064.7 A3 in the Ca(1) and Ca(2) position,
respectively (Table 1). Therefore, the density of the cell is larger in Ca(1), 3.17 g/ cm?,
than in Ca(2), 3.15 g/cm?. Interestingly, the inclusion of Fe** in the Ca(2) position occurs
notably more favorable, by 1.03 eV, than in the Ca(1) position, which is distinct from the
Fe?* insertion. Such a favorability agrees with the short bond formation. When Fe3* is
located in the Ca(2) position, a short bond with the distance Fe3*—0 of 1.803 A is formed.
Such a bond, as we previously reported, is of a partly covalent nature [27]. Coordination
with other O atoms, closest to iron, occurs at distances of 2.068, 2.107, 2.24, and 2.259 A.
To compare, the Ca?*~O distances are within 2.3-2.5 A. The shift of Fe>* in respect to the
original position of Ca2* is 0.404 A. The most pronounced shift of the oxygen atom from
the anion channel is 0.513 A. Notably, the coordination at distances less than 2.1 A results
in the P-O bond length change. The P-O bond interacting with Fe3* becomes stretched up
to 1.594 A, while the other three P-O bonds remained within 1.55 A, as in non-perturbed
molecules, or shortened down to 1.53 A. Such stretching is less for Fe?* incorporation,
reaching 1.581 A. The shortest distance Fe2*-O is 1.980 A (Table 1).

Table 1. Some calculated parameters of the HAp supercell for Cag 5Fe?*( 5(POy4)s(OH), with ferrous
cation (Fe?") and Cag 5Fe3*( 5(PO4)sO,Hj 5 with ferric cation (Fe3*). The length of the Ca~O bonds is
given for pure HAp.

Iron Substitution  Energy, Ry Cell Volume, A3 Fe-O,A Ca-0O,A

2.347 2.386
2.360 2417
2.389 2.444

2 _
Fe2t Ca(1) 3514.79383 1060.7 2459 2467
2.523 2.499
2.743 2.595
1.994 2.329
2.042 2.354
2.051 2.373

2 _
Fe2t Ca(2) 3514.80879 1067.1 2216 2405
2.814 2.595
2.689
2.056 2.386
2.058 2417
2111 2.444

3 _
Fe3+ Ca(1) 3513.64081 1067.1 2124 2467
2.132 2.499
2.595
1.803 2.373
2.107 2.595
2.068 2.689

3 _
Ee3+ Ca(2) 3513.7161776 1064.7 2240 2309
2.259 2.354
2.405

Thus, the results of DFT calculations demonstrate that Fe3* is more reactive in terms
of interactions with surroundings, forming shorter contacts to oxygen atoms than Fe?*.
The inclusion of Fe3* into the Ca(1) or Ca(2) positions results in more pronounced cell
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contraction than what occurs upon Fe?* inclusion. Strikingly, Fe3* shows a clear preference
to substitute Ca(2) than Ca(1) (Figure 2).

— iy ' & — e
) . v/ L ' L . ] a
Fe2* / Ca(1) Fe?* / Ca(2) b5 ¢

Figure 2. Hydroxyapatite unit cell with iron inclusion in Ca(1) and Ca(2) positions. Color coding: phosphorus—orange,
oxygen—red, hydrogen—light grey, Ca(1)—purple, Ca(2)—blue, Fe—green.

4. Conclusions

Since iron (III) inserted into the HAp matrix has been proven to be an efficient cata-
lyst, it is vital to obtain details of its binding sites and interactions with its surrounding.
Experimentally, it is challenging to provide an atomistic picture, since the iron impurity is
distributed quite randomly over the HAp sample, and the mixture of positional states and
population Fe?* /Fe®* can take place. These theoretical studies provide an indispensable
tool to probe several isolated states to further compare with experimental data. In this
work, we show that the inclusion of Fe?* in the Ca(1) and Ca(2) positions is energetically
comparable. For the Fe3*, there is a clear preference to be included in the Ca(2) position.
The inclusion of iron results in cell contraction, which is more pronounced in the case of
Fe®*. In addition, Fe>* may form a shorter linkage to oxygen atoms. The incorporation of
both Fe?* and Fe3* leads to significant local reorganization in the HAp cell. Furthermore,
the ratio Ca(1)/Ca(2), which is 2/3 in pure HAp, varies upon iron inclusion, which may
influence the catalytic properties of the complex material.
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